Abstract: Tagoro, the most recently discovered shallow submarine volcano on the Canary Islands archipelago, Spain, has been studied from the beginning of its eruptive phase in October 2011 until November 2018. In March 2012, it became an active hydrothermal system involving a release of heat and gases that produce significant physical-chemical anomalies in the surrounding waters close to the seabed. Fast Fourier transform (FFT) and wavelet time-domain-frequency analysis techniques applied to filtered time series of temperature, salinity, pressure, pH, and oxidation-reduction potential (ORP) data from a conductivity-temperature-depth (CTD) device mounted on a mooring and deployed at the deepest part of the main crater at a depth of 127 m, have been used to better understand the dynamic processes of the emissions during Tagoro's degasification phase. Our results highlight that the hydrothermal system exhibited a stationary cyclic degassing behavior with a strong peak of a 140-min period centered on a significant interval of 130-170 min at 99.9% confidence. Moreover, important physical-chemical anomalies are still present in the interior of the main crater, such as: (i) thermal increase of +2.55 • C, (ii) salinity decrease of −1.02, (iii) density decrease of −1.43 (kg·m −3 ), and (iv) pH decrease of −1.25 units. This confirms that, five years after its origin, the submarine volcano Tagoro is still actively in a degassing phase.
Introduction
Shallow hydrothermal vents are located in different tectonic settings, in particular related to recent subaerial and submarine volcanic activity, along arcs and mid ocean ridges, and in areas presenting intraplate oceanic volcanism [1] [2] [3] [4] [5] . Hydrothermal emissions are associated with the release of heat and gases, and acidic and reduced metal-rich fluids [6] [7] [8] . The chemical composition of hydrothermal fluids changes as the deep and shallow systems are affected by variations in permeability, induced by seismic events and related to fluid overpressures. These emissions significantly affect the properties of seawater and marine sediments [9, 10] , changing geochemical processes and mineralization patterns [11] . The Tagoro volcano has a basanitic nature and is monogenetic, generated entirely during the underwater eruption that took place between October 10, 2011 and March 5, 2012 (Figure 1c-d) . The eruption took place at a 355 m depth on the southern submarine promontory off El Hierro Island, on the western wall of a submarine gully with a NNE-SSW direction. From this moment, the volcano grew through several pulses of activity, forming a main cone located NW of the starting point, with a summit at a 88 m depth. Subsequently, volcanic vents were successively formed to the SSE of the main cone, generating alienated secondary cones and the final geometry of the volcano. The eruption generated three main volcanic domains, situated progressively deeper to the SW: the Tagoro volcano s.s., a lava-debris flow apron, and a lobe like body. The first sector, where this work has been carried out, corresponds to a slightly elongated volcanic cone that rises from a 400 to 88 m depth. The edifice has slopes between 20 and 45 • , which are steepest close to the different volcanic vents and smoother in lower flank areas. It has an irregular base (1-1.3 km in diameter) and an elongated summit in a NNW-SSE direction.
This volcanic edifice is characterized by several volcanic vents which produced at least 14 volcanic cones located in the axis of the edifice. The diameter of the main cone is 400 m, and those of the 13 secondary cones vary between 75 and 140 m, decreasing in size towards the SSE. Minor depressions are also differentiated close to the secondary cones, with diameters ranging from 15 to 35 m. The most pronounced has been located on top of an ENE-WSW arc-shape crest at approximately a 116 m depth, where the second-highest volcanic cone is also located. This crest corresponds to an internal discontinuity between the main edifice and the SSE prolongation of secondary cones. In this context, this main crater vent ( Figure 1d ) has a circular shape, with a length of 35 m and depth of 126-130 m. It has an asymmetric geometry as a consequence of its development on an inclined surface. The north-western rim walls correspond to the volcano's main flank, with slopes ranging from 20 to 35 • and height relative to the depression floor of up to 13 m, while the south-eastern rim walls are characterized by a minor crest of a 3 m height and slopes varying from 12 to 18 • . This depression corresponds to the location of the main hydrothermal vent at present. Although the whole crater worked as a diffuse degassing system, the degassing process was even more visible at specific areas covered by chimney fields (5-10 cm high) and cracks ( Figure 2 ). This crater vent and its out-gassing source were first monitored in the column water with CTD exploration, tow-yos transects, and ROV images by this research team [21] .
As one of the newest and shallowest active submarine volcanoes in Europe, the Tagoro volcano is an excellent natural laboratory to study the dynamics associated with the degasification process. Here, we report significant physical-chemical anomalies and a cyclic degassing dynamic at Tagoro, five years after the beginning of the degasification phase, with a complete time series of temperature, salinity, pressure, pH, and oxidation-reduction potential (ORP) data from an RBR CTD device and a Seabird 27 pH-ORP sensor mounted on a mooring in the deepest point of the main crater at a 127 m depth (27 • 37. 
Materials and Methods
In October 2016, five years after the completion of the magmatic activity, a multidisciplinary oceanographic cruise in the context of the VULCANO-II project was carried out in order to characterize the physical-chemical anomalies of the underwater volcano in a degassing stage (Figure 1a-b) . During this cruise, on board R/V Ángeles Alvariño of the Spanish Institute of Oceanography, a mooring equipped with an RBR CTD device (RBR, Ottawa, ON, Canada) and a Seabird 27 pH-ORP sensor (Sea-Bird Electronics, Bellevue, WA, USA) was deployed at the deepest point of the more active crater of the Tagoro submarine volcano at a 127 m depth (Figure 1e ). The accuracy of the temperature, conductivity, pH, and ORP sensors was 0.002 • C, 0.003 S/m, 0.02 units, and 1.0 mV, respectively. The sensors were calibrated at the point of manufacture before and after deployment, and for the time of the observation, no drift was observed.
The mooring was deployed on 10 October 2016. The sensors were programmed to start sampling at the same moment, but due to an internal problem with the hard drive of the datalogger, the CTD was operative only during the first eight days, from 30 October 2016 to 6 November 2016, with a sampling interval of ten seconds, while the pH-ORP sensor was operative for 41 days, from 13 November 2016 to 24 December 2016, with a sampling interval of three minutes. For this last data series, the first 15 days, from 30 October 2016 to 12 November 2016, were missed. The mooring was recovered during the VULCANA-0417 cruise in April 2017, in the context of the VULCANA project of the Spanish Institute of Oceanography using a Super Mohawk II ROV Liropus 2000 (Sub-Atlantic, Aberdeen, UK). The different time series were resampled every five minutes and a high-pass filter with a cut-off of five hours was applied in order to eliminate low frequencies, such as diurnal and semidiurnal tides and inertial signatures.
In order to evaluate and quantify the anomalies and the variability of the physical-chemical properties in the area exclusively due to the volcanic activity, as a reference, a dataset of the mean profiles of every variable was obtained using four full hydrographical CTD stations placed at the east part of the island (Figure 1b , stations 1, 2, 202, and 3). These stations were not influenced by the perturbations of the submarine volcano at this time. The obtained reference data are, hereafter, denoted ref-mean. CTD profiles were carried out using a Seabird 911+ with a double sensor of temperature and conductivity, together with a 24 10-L bottle carousel for water samples. The accuracy of the temperature and conductivity sensors was 0.001 • C and 0.0003 S/m, respectively.
A bathymetric digital elevation model of the seafloor was obtained with data from a Kongsberg Simrad EM-710 multibeam echosounder (Kongsberg Maritime AS, Kongsberg, Norway) (70 to 100 kHz), with a spatial grid resolution of 1 m (Figure 1c-d) , which allowed us to detect and localize the main crater (35 m diameter) of the submarine volcano Tagoro in order to deploy the mooring at the deepest point of the crater (127 m depth). This was possible due to the accuracy of the bathymetry data and the dynamic position (DP) system of the oceanographic vessel Ángeles Alvariño.
High definition images from an ROV of the Spanish Institute of Oceanography have been used to describe the geomorphology of the main crater and determinate the presence of the chimney and diffuse vent area. Images were collected during Vulcana-II-0417 and Vulcana-II-1118 cruises, in April 2017 and November 2018, respectively.
The nature of the fluctuations of different properties was investigated using two different time series analysis techniques. The first was a modification of a Fast Fourier Transform (FFT) [46, 47] , which provides information on the signal power content at any frequency, but loses the frequency location in the time domain. This widely used technique is designed for stationary signals; however, our time series could have contained non-stationary or transitory characteristics, such as drifts, trends, abrupt changes, onsets, and even ends of events. These characteristics are often the most important part of the signal, and Fourier analysis is not suited for their detection [24] . For this reason, we applied the wavelet transform (WT), which, in contrast to the FFT, consists of a linear superposition of independent and non-evolving periods that preserves frequency location in the time domain [48, 49] .
In that way, wavelet power spectra can provide better time and frequency localization than Fourier transform-based methods, due to being more suitable for analyzing cyclicity in non-stationary time series [50] . We used a Morlet wavelet and the Matlab code toolbox of Grinsted [51] .
Results
Five years after the end of the eruptive phase of the submarine volcano Tagoro, south of the island of El Hierro, important physical-chemical anomalies are still present in the area. Non-affected vertical profiles of potential temperature, θ ( • C); salinity, S; potential density, σ θ (kg·m −3 ); and pH (NBS scale) with depth (m) for the whole water column as a mean of the stations (1, 2, 202, and 3) with their standard deviation are shown in Figure 3 Low salinity in the water column above the main crater is directly associated with substantial positive temperature anomalies. Such low-salinity fluids are likely to form in a relatively shallow (low pressure) phase-separating hydrothermal system [52, 53] [54] . Red color shows the five-minute moving average time series.
In order to isolate the release of heat and gases from the main crater of the shallow submarine volcano Tagoro, a complete time series of the anomalies recorded by the combined CTD-pH-ORP sensors installed at the mooring at a depth of 127 m has been studied. Anomalies of potential temperature, salinity, and potential density, respectively, together with a five-minute moving average, are represented in Figure 4a -c. Sea surface elevation derived from the analysis of the pressure data sensor of the CTD device is presented in Figure 4d . Similarly, Figure 4e -g show the pH anomaly, ORP time series, and the first time derivative of the ORP data, respectively, with a five-minute moving average for pH and ∂(ORP)/∂t. Finally, Figure 4h shows the theoretical tide for this period of time [54] (pressure data not available).
Two different time-domain-frequency analysis techniques have been applied to the filtered time series for potential temperature, salinity, and pressure, respectively (Figure 5a1-a3) : the power spectra and statistical significance were computed by a modification of fast Fourier transform [46] (Figure 5b1-b3 ) and wavelet analysis (Figure 5c1-c3) . The results of the time-frequency analysis show a strong peak of over 99.9% significance present in the decomposition of the potential temperature, salinity, and pressure time series anomalies, with a period centered at approximately 140 min and included in a significant interval of 130-170 min. This significant peak explains 41% of the total variance of the signal. The results obtained by power spectral analysis are consistent with those obtained by wavelet analysis (Figure 5c1-c3) , and show significant spectral power (highlighted by the black line at 95% confidence level), mainly between 80 and 160 min with stationary features. Other signals, centered around 40 min, appear not to be steady, but localized in time. (Figure 6a1-a2) . The results of the time-frequency analysis show a significant interval of 100-165 min, with the peak centered at 145 min (Figure 6b1-b2) . Wavelet analyses show identical responses for both variables, with significant spectral power mainly between 80 and 160 min with stationary features, and other signals centered around 40 min and localized in specific time intervals (Figure 6c1-c2) . Thus, the same significant peak has been obtained during the application of the time-frequency analysis to the five independent variables studied in this work (temperature, salinity, pressure, pH, and ORP). 
Discussion
Through this study, different time series of temperature, salinity, pressure, pH, and ORP from the deepest part (127 m) of the main crater of the submarine volcano Tagoro have been studied in order to (a) quantify the physical-chemical anomalies of the degassing process, and (b) apply different time-frequency analysis techniques to determinate significant cyclic behavior in the release of hydrothermal fluids.
Our results show that, five years after the beginning of the degassing process, thermal anomalies up to +2.55 • C, salinity anomalies up to −1.02, density anomalies up to −1.43 (kg·m −3 ), and pH anomalies up to −1.25 units were still observed in the interior of the main crater. Our reference profiles (Figure 2) show that water masses with salinity anomalies of −1.02 could be found in the water column at a depth of 550 m or deeper. In the case of pH (Figure 3d ), water masses with pH anomalies of −1.25 are too acidic to be found in the first 2000 m of the water column in the Canary Islands region [45] . According to these assumptions, these physical-chemical anomalies should be due to the release of hydrothermal fluids from the vents around the volcanic edifice of Tagoro and not to upwelling from deeper water masses around the area.
Previous results obtained in the same area, but in the water column around the main crater with the use of a rosette, show an increase in temperature of +3.0 • C, a decrease in salinity of −0.3, and a decrease in pH by −0.25-0.30 units [8, 21] . These results are in agreement with the results obtained over other active hydrothermal vents. Temperature and salinity anomalies of +1.0 • C and −0.21, respectively, were obtained in the interior of a crater of the Vailulu'u seamount at a 950 m depth in Samoa [53] , and temperature and salinity anomalies up to +3.0 • C and −0.15, respectively, were found in the interior of the Kolumbo submarine volcano at a 500 m depth in Santorini [55] . Moreover, our pH values seem to be similar to those obtained over the Ahyi (−0.5), NW Rota (−0.73), West Mata (−1.51), Nikko (−0.16), Daikoku (−0.05), and Kasuga-2 (−0.313) hydrothermal plumes [56] [57] [58] [59] .
Cyclic behavior has been recognized at a number of open-vent volcanoes around the world. Pulsatory patterns in both degassing [25, 32, 33, 60] and in the behavior of active lava lakes [61, 62] have been observed. High-time resolution thermal image datasets recorded at Etna, Stromboli, and Kilauea volcanoes retrieved cycles that vary within similar time windows, grouped into three main classes: (i) cycles with periods <15 s related to Sharp pulses in the thermal signal (gas puff/discrete Strombolian explosions; [63] ); (ii) periods between~20-50 s and 1-10 min associated with the bursting of hot, over-pressured gas bubbles/trains of bubbles [64] at the magma-air interface; and (iii) long cycles with periods of 12-90 min reflecting dynamics occurring within the shallow magma supply system [24] . For decades, Stromboli has been an ideal laboratory for studying the different modes and rates of gas release from active volcanoes. In fact, its active degassing (explosions and puffing) plays a key role in modulating a longer term cyclic (periods 300-700 s) SO 2 degassing behavior, which represents a key target to be explored in future research [60] . Cyclic volcanic degassing behaviors have also been characterized in the release of gas flux for Mount Etna at two period bands (40-250 s and 500-1200 s), which suggest a bursting of rising gas bubble trains at the magma-air interface [25] . Cyclic degassing of the Erebus volcano in Antarctica has also been registered in the total gas column amount, a likely proxy for gas flux, with periods of 10, 35, and 70 min, which can be explained in terms of chemical equilibria and pressure-dependent solubility [26] . Cyclic behavior with spattering episodes of 40-100 m in a lava pool was first documented in Kilauea volcano [62] .
Subaerial and submarine eruptions are often thought of in very different terms due to the sharp contrast between quench conditions in air and water. The same surprising similarities were found at NW Rota-1 in the spine-growth velocities, which control the syn-ascent crystallization and degassing [65] . For submarine eruptions driven by magmatic degassing, temporally cyclic behavior appears to be a fundamental characteristic at a wide range of extrusion rates [65] . In submarine ambient conditions, the tidal cycle seems to be of greater importance in the driving forces of these variations [18, 23, 66] . Other periods exist that may be generated by the turbulent mixing occurring in this environment, by changes due to the directions of local currents, and/or by variations in the hydrothermal fluid discharge [3, 66, 67] . In our case, variations in the in situ pressure sensor data show that the total signal of the tide is explained by the M2 type at 97.3% of the total variance with a mean amplitude of 0.92 ± 0.02 m, a period of 12 h, and negligible velocity relative to the predominant local mean current [54] . Although our data, before filtering the low frequencies, presents a tidal relationship, the behavior shown in Figures 5 and 6 presented a period too short to depend on the existing M2 type tide of the area, as was also reported in other similar studies [18, 23, 66] . Moreover, the velocity observation with a vessel-mounted acoustic doppler current profiler (VMADCP) indicates that the local current intensities in the area were very low (1.5 ± 1.0 cm/s) and stable, with a main southward direction [21] .
Although cyclicity studies at submarine hydrothermal vents are less frequent that those at subaerial vents, hydrophone records at NW Rota-1 show that bursts of Strombolian explosive degassing at the volcano summit (520 m deep) occurred at 1-2 min intervals during the entire 12-month time series, and commonly exhibited cyclic step-function changes between high and low intensity [35] . Other studies have interrelated the cyclicity of eruptive activity with mass wasting at submarine arc volcanoes [65] . Moreover, time-series of temperature and velocities over a diffuse flow at Juan de Fuca Ridge show evidence of cyclic modulation of 12.4 h, 16-17 h, and four to five day periods, suggesting that temperature variability correlates with the variability of the current speed and direction, not with the ocean's tidal pressure [18] . Thus, the modulation of temperature by tides is only indirect, through the modulation of horizontal bottom currents. In our case, and in order to avoid the effect of the tide, frequencies higher than 6 h were removed from our data. Our filtered time-series reflect cyclic behaviors of frequencies higher than the semi-diurnal tide period.
Tagoro is the first submarine volcano in the Canary Islands region that presents a clear cyclic behavior in the release of heat and gases during its degasification phase. This cyclic behavior (130-170 min) is in the same order of the longest cycles found for Etna, Stromboli, Kilauea, and Erebus volcanoes [24, 26] , although more information is needed to establish possible cyclic patterns in higher frequencies from seconds to minutes.
Conclusions
The variability and duration of cyclic events provide new and relevant information for tracking and constraining the associated physical-chemical processes and their effects on the marine ecosystems linked to shallow submarine degassing areas. In addition, such information can also provide a warning of future eruptions in the area, since it is hypothesized that in complex, non-linear natural systems, drastic changes or tipping points are often preceded by a period of enhanced variability [68, 69] .
Our results highlight that the submarine volcano Tagoro is still active in its degasification phase, five years after its origin, with significant physical-chemical anomalies of up to +2.55 • C in temperature, −1.02 in salinity, and −1.25 units in pH. Moreover, our results, obtained by the application of two different time-domain-frequency analysis techniques to the filtered time series of potential temperature, salinity, pressure, pH, and ORP, show a strong peak of over 99.9% significance centered at approximately 140 min and immersed in a significant interval of 130-170 min, alternated between periods of high and low activity. For all of this, Tagoro has been the first submarine volcano at the Canary archipelago presenting a clear cyclic behavior in its degassing process at frequencies higher than the semidiurnal M2 tide. Although this cyclic behavior may be related to variations in hydrothermal fluid discharge that reflect dynamics occurring within the magmatic system [24] or cyclic dynamic processes occurring in the conduit system [70] , we encourage the further use of time-frequency analysis using longer and higher temporal resolution observations recorded by a permanent mooring in the area, and their comparison and integration with geophysical parameters. Variability studies of these cyclic behaviors represent a key target to be studied in order to understand the complex degassing dynamic of these hydrothermal systems.
